Recent progress in the synthesis and characterization of well-defined conjugated polymers and oligomers is presented. The different synthetic schemes for most of the important conjugated polymers will be discussed using a subdivision into three main sections, covering hydrocarbon polymers, heterocyclic polymers and the oligomers, respectively. Although the materials properties will be referred to, the main emphasis of the review is directed to the different strategies that are now available to produce conjugated polymers and welldefined oligomers in a reproducible way and with full control over most of the important macromolecular properties.
INTRODUCTION
The current interest in conjugated polymers is due to the substantial 7r-electron delocalization along their backbones which gives rise to interesting optical I and nonlinear optical properties 2-4 and allows them to become good electrical conductors typically when oxidized or reduced 5'6. These properties may lead to a variety of practical applications such as information storage and optical signal processing, substitutes for batteries 7 and materials for solar energy conversion 8. Furthermore, electroluminescence from conjugated polymers is a rapidly expanding field of interest since the reports of poly(p-phenylene vinylene) based devices 9'1°. These possible applications are to some degree limited by the low stability towards atmospheric oxidation and the lack of processability often characterizing these materials. As a result, considerable research effort has been directed towards the preparation of well-defined conjugated polymers with improved processability and stability characteristics. The aim of this review is to discuss the recent progress in the synthesis and materials properties of polyconjugated polymers. The fundamental physics and applications of these materials in devices will be referred to, but for the detailed discussions of these matters the reader is referred to specialized reviews.
For the purpose of this review the field of conjugated polymer synthesis is divided into three main headings; * To whom correspondence should be addressed namely, hydrocarbon conjugated polymers, conjugated polymers with heteroatoms in the main chain and welldefined oligomers. Each main class is subdivided into different subheadings, referring to the major classes of conjugated polymers. Within the subheadings recent progress for a particular polymer is discussed from a synthetic point of view.
HYDROCARBON POLYMERS Polyacetylenes
Polyacetylene (1, Figure 1 ) is the simplest polyconjugated organic polymer The first reports on acetylene polymers date back to the last century. Cuprene, a highly crosslinked and extremely irregular product 11 of acetylene polymerization in the presence of coppercontaining catalysts, being a typical example.
Polyacetylene was first prepared as a linear, high molecular weight, polyconjugated polymer of high crystallinity and regular structure in 1958 when Natta et aL 12 polymerized acetylene in hexane using AI(Et)3/ Ti(OPr)4 as the initiator system. However, for a long time polyacetylene was considered of little interest because, irrespective of the method of preparation, it was obtained as an air sensitive, infusible and insoluble black powder.
A new phase in the study of polyacetylene began in the 1970s when Shirakawa and co-workers 13'14 developed a simple method for preparing film samples which on 
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The structure of cis-polyacetylene treatment with oxidizing agents, such as halogens or AsFs, exhibited significant electrical conductivity 15' 16. Today, Shirakawa's method represents the most widely employed procedure for the polymerization of acetylene although a synthetic route first described by Luttinger 17' 18 in 1960 was rediscovered in the 1980s and appears to be becoming increasingly popular. In 1980, Edwards and Feast 19 employed an entirely different approach to the synthesis of polyacetylene by preparing a soluble, relatively stable and well characterized precursor polymer which could be converted to polyacetylene where and when required. These methods will be discussed in detail in the sections below.
Shirakawa route. Shirakawa's route to polyacetylene is an extension of the work first described by Natta et alJ 2. The polymerization reaction is carried out at the surface of a solution of the initiator system in an inert solvent. The initiator concentration used is significantly higher than that used in Natta's solution phase work
(Scheme l ).
The standard procedure employed for the preparation ]4 20 21 of good quality polyacetylene films is as follows ' ' : a small amount of toluene is placed in a glass reactor and under an inert atmosphere, first titanium tetra-nbutoxide and then triethylaluminium are added. The concentration of titanium is approximately 0.4moll 1 and the ratio AI/Ti is maintained within the range 3.5-4. The solution is allowed to stand at 20°C for 45 rain, then cooled to -78°C and placed under vacuum. The internal surface of the reactor is then wetted with the initiator solution so that the walls are covered with a thin layer of the liquid and pure gaseous acetylene (pressure <610 mmHg) is introduced. A film of polyacetylene immediately starts to form on the surface wetted by the initiator solution. The process can be interrupted by applying a vacuum. The polymer is purified by repeated washing with toluene or hexane, is dried in a stream of inert gas and kept under vacuum or in an inert atmosphere. Films ranging in thickness from 10-Scm to 0.5cm can be prepared by adjusting the time during which the surface is exposed to acetylene and the gas pressure.
The conditions under which the polymerization reaction is carried out have a profound effect on the properties and morphology of the film produced. Thus Abadie et al. 22 have shown that the conductivity of iodine doped films is substantially increased if the catalyst solution is allowed to stand for 120min at temperatures higher than 20°C prior to the introduction of the gaseous acetylene. Similarly the morphology of the product can be controlled to give a powder, a gel-like spongy mass or a film by appropriately increasing the concentration of the initiator solution or the ratio of A1 to Ti in the system 2°'23-25.
The synthetic procedure described above yields polyacetylene which is mainly cis. Baker et al. 26 prepared almost pure trans polymer by reducing the A1/Ti ratio to unity and omitting the catalyst aging step. In another modification of the Shirakawa method, Naarmann and co-workers 27 used silicone oil instead of toluene and prepared a polyacetylene sample which contained an approximately equal proportion of cis and trans vinylenes and a much lower concentration of sp3-hybridized carbon atoms than is normally present in these films. A year earlier, the same group developed the, so called, adding reducing agent method 28. This method involves the introduction of a reducing agent (such as n-butyl lithium) to the catalyst solution prior to the polymerization reaction. The polyacetylene samples thus produced are stretchable and on iodine doping conductivities of the order of 105 S cm ~ have been claimed. A further improvement in the observed conductivity was achieved by Tsukamoto 29'3° . In this procedure, a solvent with high boiling point, such as decalin, is used and the catalyst is heat treated at around 200°C. The polyacetylene obtained by this procedure can be stretched by a factor of eight and yields a reported conductivity value of more than 105 S cm -1 after iodine doping.
Luttinger route. In 1980 Enkelmann et al. 3~
noted that powdered polyacetylene specimens prepared by traditional methods possessed properties which were essentially the same as those of the material produced by Shirakawa's method. Such powders could be suspended in an inert solvent and application of the suspension to a suitable substrate followed by evaporation of the solvent gave thin films of polyacetylene. They also showed that solid specimens of almost any desired size could be prepared by moulding polyacetylene powders. 32 Later, Enkelmann et al. discovered that the best results are obtained using Co(NO3)2/NaBH4 as the initiator system, systems of this type containing salts and complexes of group VIII metals together with a hydride reductant were first used by Luttinger iv twenty years earlier. In a typical experimental procedure ethanol is saturated with gaseous acetylene, and sodium borohydride followed by cobalt nitrate are added. After several hours at room temperature black flakes of polyacetylene precipitate. By lowering the reaction temperature to -30°C the formation of a predominantly cis structure is favoured (Scheme 2) 32 .
The main advantage of Luttinger's catalyst over that developed by Shirakawa is that it allows the polymerization reaction to be carried out even in the presence of water and oxygen. Frohner and Wucke133 studied the kinetics of the reaction and found that the initial polymerization rate is high and that the polyacetylene yield is proportional to the concentration of the cobalt species. Furthermore, the same workers observed that decreasing the reaction temperature results in an increase in polymer yield and crystallinity.
Precursor-polymer route. The inherent insolubility and infusibility of polyacetylene coupled with its sensitivity to air imposes a barrier to the processability of the polymer. As a result considerable research efforts have been directed towards obtaining polyacetylene from workable, easily processable polymers by means of polymer analogous transformations. In particular, the synthesis of polyacetylene from the dehydrohalogenation of poly(vinyl chloride) 34 has attracted a lot of attention but the polymers prepared by this route generally possess relatively short conjugated segments and contain structural defects and cross-links. Nevertheless, materials produced in this way may be of practical use for EMR screening purposes 35.
Another approach involves the use of prepolymers which can be thermally converted to polyacetylene. This approach was first described by Edwards and Feast 19 (Scheme 3) and has been further refined by Feast and co.workers 36-4°.
The initial monomer, 7,8-bis(trifluoromethyl)tricyclo-[4.2.2.025]deca-3,7,9-triene is readily prepared by the thermal cycloaddition reaction between hexafluorobut-2-yne and cyclooctatetraene. The polymerization reaction is carried out in the presence of ring opening metathesis polymerization initiators, such as WCI6/SnMe4, which act only on the strained four-membered ring to form a high molecular weight precursor polymer which is soluble in common organic solvents and can be purified, characterized and processed by conventional methods. On heating, the prepolymer can be easily and conveniently converted to polyacetylene with the evolution of 1,2-bis(trifluoromethyl)benzene. The conversion of the precursor polymer to polyacetylene is a complex process involving an exothermic symmetry allowed elimination with the formation of a new eis double bond and hexafluoro orthoxylene, the cis double bond isomerizes to trans and the xylene migrates through the film and evaporates giving a large loss in mass and contraction in volume. By controlling the conversion reaction protocol (temperature, time, pressure, mechanical stress and presence of solvent) the morphology of the final product can be regulated, expanded amorphous foams through to fully dense oriented films are accessible.
The prepolymer shown in Scheme 3 decomposes spontaneously to the polyacetylene if stored at room temperature (half life: ca. 20 h). In order to produce a precursor polymer which was stable at room temperature a large number of prepolymers were examined but the majority of these possessed either insufficient or excessive thermal stability 37. The synthesis of a precursor polymer with good room temperature stability 40 Schrock and co-workers 41 have developed a series of well defined ROMP initiators of the type M(CH-t-Bu) (NAr)(O-t-Bu)2 in which M = W or Mo and Ar = 2,6-CrH3-i-Pr2 which allows better control over this polymerization reaction. Using these systems polyacetylene prepolymers of controlled molecular weight and polydispersities close to unity can be prepared. Furthermore, the use of these systems allows the controlled introduction of end-groups to the polymer chain 42.
The main difference between the polyacetylene products obtained by the Shirakawa and precursor polymer routes lies in their morphology and relative order. Generally Shirakawa's polymer is obtained in a fibrillar morphology with low bulk density and variable crystallinity whereas the precursor polymer route gives access to materials of more controlled morphology. Thus, continuous solid films with densities in the range 1.05-1.1 g cm -3 may be routinely obtained, which can be essentially amorphous, semicrystalline or highly crystalline and may be oriented by stretching during or prior to conversion.
More recently Swager et al. 43 demonstrated an alternative precursor route to polyacetylene in which the production of volatile by-products is avoided. The method involves the ring opening polymerization of benzvalene and the subsequent catalytic isomerisation to polyacetylene of low crystallinity (Scheme 5). [44] [45] [46] have been polymerized to yield polymers with side groups attached to every second carbon atom. In most cases these materials are soluble, but the optical absorption maximum of the resulting polymer is higher in energy than that observed for polyacetylene indicating a lower effective conjugation length. The electrical conductivity of all substituted polyacetylene analogues reported to date is significantly lower than that of polyacetylene itself 47. The reduction in conjugation length is attributed to steric repulsions between adjacent side groups which causes the polymer chains to twist. This loss in planarity is readily understood since the rotation barrier about the single bonds in polyacetyl-48 ene has been calculated to be about 6kcalmol -j. Recently, Grubbs and co-workers 49 demonstrated that the ring opening metathesis polymerization of monosubstituted cyclooctatetraene derivatives leads to partially substituted polyacetylenes that are both soluble and highly conjugated (Scheme 6).
Polydiacetylenes
Polydiacetylenes are synthesized by the topochemical polymerization of diacetylenes s°-73. Most work has focused on the polymerization of crystalline diacetylenes, while some investigations report polymerization in the liquid-crystalline state and as Langmuir-Blodgett multilayers. Before the different processes are discussed, a short review of monomer syntheses is given. The diacetylene polymers are believed to exist in two mesomeric forms (Scheme 8) . The packing of the monomer units in the crystal is characterized by the separation (d) of the monomers in the direction of the array and the angle ('7) between the axis of the array and the diacetylenic rod. The perpendicular distance (s) between the diacetylene units seems to be critical for solid state polymerization. Correlation of the lattice packing of the diacetylene monomers with solid state reactivity have indicated that the reacting Ct and C a carbon atoms must be closer than 4 A for polymerization to occur 52'53. Bloor 52 has related the effects of variation in d and -y to the reactivity of diacetylenes towards polymerization and found that, apart from the 4A criterion, the monomers should be parallel to one another, or, if non-parallel, the monomer molecules must be related by a glide plane or screw axis. Nevertheless, an example of a reactive non-parallel diacetylene monomer has been reported 53-~. The criteria for solid state reactivity are more easily satisfied by monomers with large end groups than by those with small end groups 52. The role of the end groups seems to be critical since the interactions of the end groups determine the monomer crystal lattice structure. The flexibility of the side groups attached to the diacetylene unit must also be taken into consideration when designing a reactive diacetylene molecule. There are examples known where a compact molecular structure is obtained in the crystal with the side groups impeding the reaction 52. Nevertheless considerable improvements in predicting expected crystal structures of diacetylenes from knowledge of molecular structures are required before the problem of obtaining a single crystal polymer from a specifically designed monomer molecule can be solved.
The nature of the propagating chain end has been the subject of much discussion but it is now generally accepted 56-59 that the photoinitiation reaction step involves the production of diradicals from the interaction of two diacetylene molecules. The most widely used technique in the study of polymerization kinetics is differential scanning calorimetry. However, although a vast volume of literature has been published concerning 2,4-hexadiyne-l,6-diol, bis(p-toluene sulfonate) 2, little work on other diacetylenes appears to have been done. Diacetylene 2 may be polymerized thermally in the solid state. The time required for polymerization varies from 2 h at a temperature just below the melting point to two months at ambient temperature. The polymerization process is characterized by the occurrence of an induction period, during which time the polymerization rate increases by a factor of up to 2006°. Induction times during solid state reactions have been explained 6] in terms of the incubation period necessary for the nucleation of a polymer crystal phase. This explanation, however, does not apply in the case of 2 where the polymer forms a solid-solution with the monomer. For polymerization of 2 the only structural change observed after polymerization is a 10% contraction of the crystal 62 along the chain axis. The lattice strain generated by the mismatch of the polymer and monomer lattices is believed to be responsible for the autocatalytic effects observed during polymerization. On the basis of this model, Baughman 63 developed a model which is consistent with the observed phenomena. According to this work, formation of the polymer chains is initiated during the induction period but the chain length is determined by the crystal strain field. Chain lengths of 10-20 units are estimated to be formed during the induction period. At about 10% conversion, irrespective of the polymerization temperature, crystal strain is relieved as conversion to polymer takes place resulting in a strain free polymer crystal. Polymerization during the induction period and during the fast polymerization regime have been found to have the same activation energy 6°'64'65. As a result of these observations, it was concluded that the rate determining step for this polymerization was chain initiation. The determination of molecular weight distributions in polydiacetylenes by conventional methods has been difficult due to the tendency of polydiacetylenes to form aggregates or microgels in solution. However, methods making use of chain length dependent solid-state properties have proved useful 66-68. Wenz and Wegner 69 have reported the molecular weight distributions of some 7-ray polymerized bis-toluenesulfonates. Chain lengths of about 1500 units were reported corresponding to weight average molecular weights of about 800000g mo1-1. Measurements were made using light scattering and confirmed by gel permeation chromatography. The variation in the molecular weight distribution with increasing degree of polymerization has also been studied 69. In general, at low polymer concentrations, short chains of approximately 60 repeat units are present. At higher conversion rates, the g.p.c, maximum rapidly shifts to higher values. A characteristic feature is that only the high molecular weight (1500 units) polymer is formed above about 20% conversion.
Polymerization in Langmuir-Blodgett film structures.
The transfer of amphiphilic monolayers from the airwater interface to solid supports by the LangmuirBlodgett film technique can yield ultra-thin, homogenous and well-ordered mono-and multi-layer films. The polymerization of amphiphilic diacetylene molecules organized by the Langmuir-Blodgett film technique can lead to polymer structures of controlled thickness and orientation 7°. Langmuir-Blodgett films in which pentacosa-10,12-diynoic acid and henicosa-2,4-diynylamine were combined to form alternate-layer structures have been polymerized via irradiation with ultraviolet light and shown to possess pyroelectric properties 71 .
Polymerization in the liquid-crystalline state. Mesogenic diacetylene monomers which form thermotropic liquid crystal phases can undergo polymerization on thermal annealing. In appropriately designed molecules the polymerization proceeds in a controlled manner to yield polydiacetylenes which also exhibit liquid crystalline behaviour 72,73.
Polyphenylenes
Four synthetic routes 83-86 for the preparation of polyphenylenes have been employed fairly generally, namely: oxidative coupling, organometallic coupling, dehydrogenation of polycyclohexylenes and cycloaddition reactions. These, together with the other methods available for the synthesis of polyphenylenes, are discussed in the sections below.
Oxidative coupling. The most commonly employed method for the preparation of polyphenylenes involves the oxidative coupling of substituted and unsubstituted benzenes via treatment with a Lewis acid catalyst/oxidant system. In 1963 Kovacic and Kyriakis s7 synthesized poly(p-phenylene) by stirring benzene, anhydrous A1C13 and anhydrous CuC12 for 2 h at temperatures between 25°C and 35°C. The reaction is believed to involve an initial one-electron oxidation of benzene to its radical cation, followed by reaction of the radical cation with several benzene molecules (Scheme 9) to give an oligomeric radical cation. A second one-electron oxidation, followed by loss of two protons aromatizes the terminal rings, and oxidative rearomatization of the dihydro structures by CuCI2 yields the polymer 8s.
A number of other catalyst/oxidant systems have been employed for the conversion of benzenes to polyphenylenes. These include Cu 2÷ and Ru 3+ ion-exchanged montmorollonite clays 89'9° and AsF3/AsF591. The structural features and physical properties of the polymer prepared via oxidative polymerization depend to a large extent on the nature of the reagents 86. Thus, it has been claimed that polyphenylenes with ortho linkages can be obtained from the oxidative polymerization of monosubstituted benzenes (e.g. toluene, chlorobenzene) under conditions analogous to those employed for the preparation of poly(p-phenylene) 86 sulfuric acid in the presence of AICI3 are claimed to result in the efficient formation of homogenous poly-(p-phenylene) which is almost completely amorphous 94.
Highly crystalline films of this polymer can be deposited from benzene in concentrated sulfuric acid emulsion 95. An alternative means for the synthesis of polyphenylenes involves the anodic electrochemical oxidation of benzene or biphenyl in liquid sulfur dioxide on an appropriate electrode. The reaction yields passivating films if quaternary ammonium perchlorate is used as the electrolyte or conductive dendritic deposits if quaternary i 1 96 ammonium tetrafluoroborate s emp oyed . In both cases the polymer formed is reported to be linked at the para position but contains variable amounts of oxygen as phenolic groups. The electrochemical polymerization of benzene in nitromethane with aluminium chloride and water or an amine as additive results in the deposition of black polyphenylene on a platinum electrode 97. Freestanding polyphenylene films containing ortho, para and meta links are obtained if the electrochemical oxidation of benzene is carried out in a two phase HF/benzene system 98. The anodic oxidation of benzene in nitrobenzene solution with CuC12 and LiAsF6 results in the formation of flexible, electrically conducting films of poly(p-phenylene) 993°° as does the anodic oxidation of benzene in the presence of BF3. OEt2101. The yields of the polymers prepared by this method are restricted by the area of the anode irrespective of whether the reaction is carried out in nitrobenzene or in the bulk r°2.
Organometallic coupling. Ullmann and Wurtz-Fittig type reactions have been utilized for the synthesis of polyphenylene oligomers but these methods cannot be applied to the synthesis of polymers since yields are low 83. The preparation of polyphenylenes via the coupling of Grignard reagents has proved more suitable 83. Thus the coupling of the mono-Grignard reagent of dihalobenzene in the presence of organometallic or 103 104 organic promoters ' has been used for the synthesis of a range ofpara and meta substituted polyphenylenes (Scheme 10) r°5-1°7. However, the combination of lithiated anthracene and anthraquinone species is reported to be the most efficient method for the synthesis of polyanthrylenes 108-11 o.
Dehydrogenation of polycyclohexylenes. The polymerization of 1,3-cyclohexadiene in the presence of various Ziegler type initiator systems83311 or nbutyllithium 112 yields poly(1,3-cyclohexadiene). Dehydrohalogenation of this precursor polymer with chloranil or via halogenation/pyrolysis gives polyphenylene 111. Cationic polymerization of the same monomer produces a mixture of 1,4-and 1,2-bonded structures which on halogenation/pyrolysis form a polyphenylene with ortho and para linkages Ill. Diester derivatives of 5,6-dihydroxy-l,3-cyclohexadiene have also been polymerized under radical conditions using benzoyl peroxide or AIBN after which the resulting polycyclohexylenes were converted to polyphenylenes by pyrolysis 113 (Scheme 11), the favoured precursor being the methyl carbonate derivatives (R = CH30-in Scheme 11).
The molecular weight of the thus formed polyphenylenes are greatly influenced by the relative stereochemistry and size of the diester substituted polymers. This work has been improved recently by the work of Grubbs et al. 114 in the regiospecificity of the polymerization. p-diaminobenzene in ammoniacal Cu + or Fe 2+. In this case the polymerization mechanism is thought to involve homolytic cleavage of the carbon to diazonium group bonds followed by C-C coupling (Scheme 13).
The electrochemical reduction of 1,4-dibromobenzene or 4,4'-dibromobiphenyl in THF/HMPA on a mercury pool electrode with Ni(0) complex catalysts and lithium perchlorate as the electrolyte gives good yields of insoluble poly(p-phenylene) as a pale yellow powder 123. By analogy, using an acetonitrile solution of Ni(PPh3)2, p-dibromobenzene has been reduced on a platinum or glassy carbon electrode with a tetrabutylammonium salt as electrolyte 124. The resulting electroactive polymer coating is of the poly(p-phenylene) type but it is contaminated with one nickel atom for every six or seven polymer repeat units TM. Homogeneous undoped films of poly(p-phenylene) can be deposited onto a solid cathode by electroreduction of 4,4'-dibromophenyl activated by a Ni(0) complex of 1,2-bis(diphenylphosphino-ethane) in an equimolar proportion. Electrodeposited thin layers of this polymer can be either oxidized or reduced in acetonitrile solution containing lithium salt as the supporting electrolyte 125. This method has been extended to the polycondensation of 2,7-dibromo-9,10-dihydrophenanthrene with isolated zero-valent nickel complexes and electrochemically generated zero-valent nickel complexes to afford poly(9,10-dihydrophenanthrene-2,7-diyl) which essentially possesses the same conjugation system as poly(p-phenylene) 126' 127a (Scheme 14). n-alkylbenzenes and 2,5-dibromobiphenyl-, via Yamamoto coupling of 4-bromo-2,5-di-n-hexylbenzeneboronic acid 132,133 and (3,5-dibromophenyl)boronic acid TM, anionic polymerization of 2-phenyl-l,3-cyclohexadiene followed by aromatization TM and spontaneous polymerization of 1-bromo-4-1ithiobenzene in hexamethylphosphoramide 135. The precursor sulfonium polyelectrolyte is prepared in aqueous solution by the base induced polymerization of an appropriate bis-sulfonium monomer, see Scheme 16. The reaction is usually carried out at low temperatures in fairly dilute monomer solutions and in equimolar (or lower) base to monomer ratios in order to suppress the premature formation of unsaturated polymer segments by thermal or base induced elimination of solubilizing side chains. The polymerization reaction is terminated by the addition of dilute aqueous hydrochloric acid to the reaction mixture which is then dialysed against water in order to separate the high molecular weight fraction from the monomeric and oligomeric residues as well as the sodium and chloride ions. A study of the polymerization mechanism t44 revealed the existence of an intermediate of quinoid structure during the early stages of polymerization. In order to shift the reaction equilibrium towards the side of the polymer the stabilization of the quinoid intermediate or the removal of the thioether byproduct is desirable. This is readily achieved by the introduction of hexane in the reaction mixture 145. The hexane/water medium creates a twophase system which, with vigorous stirring, produces an inverse emulsion polymerization environment. By maintaining a fine dispersion good contact between the two phases and effective exchange of the reaction components is ensured. The yields achieved by the two-phase polymerization method are normally about twice as high as those obtained by other procedures t45a. In addition to the improved reaction yields, the inverse emulsion polymerization method produces precursor polymers with higher molecular weights.
Another group of interesting PPVs are the cyano substituted PPVs which are prepared by a Knoevenagel condensation reaction between a diacetonitrile and a dialdehyde (Scheme 17) 145b.
Because of the versatility of the Knoevenagel condensation reaction this route can also be used for the synthesis of hetero-aromatic cyanopolymers such as the Properties of PPV films. Homogeneous dense precursor films may be readily prepared as coatings on substrates or in free-standing form by slow evaporation of the solvent. Casting the solution on a PTFE block or a glass dish treated with dichlorodimethylsilane as release agent, facilitates the preparation of free-standing films from which those thicker than approximately 1 #m can easily be lifted free. The conversion to the conjugated polymer is carried out by placing the cast and oriented films under vacuum or in an inert gas atmosphere in a constant-temperature bath at a desired temperature (determined by the nature and number of substituents attached on the benzene ring) 146. Control of the sample morphology is readily achieved by varying the casting and conversion protocol. The full conversion of the precursor monomer to PPV requires a temperature of at least 300°C but annealing at temperatures of 400°C or higher leads to degradation. In the absence of an inert gas atmosphere or vacuum a proportion of the vinylene carbons are oxidized to carbonyls during the elimination process ~42. Heat treatment at temperatures of less than 300°C results in the formation ofa copolymer which contains both saturated and unsaturated segments 139.
The molecular orientation in uniaxially drawn PPV films has been characterized by infrared dichroism and X-ray diffraction and very high values of the Hermans orientation function have been reported 137' 147' z48. Recently, Simpson et al. 149 employed deuterium quadrupole-echo n.m.r, experiments to study the chain orientation of drawn PPV films in which the phenylene ring was deuterated (Figure 4) .
The films were prepared from water-cast films of the precursor polymer poly[(2,3,5,6-tetradeuterio-p-xylylidene) tetrahydrothiophenium chloride] and were heated and stretched to effect simultaneous orientation and elimination. The results demonstrated that the average tilt of the phenylene ring relative to the chain axis was 7.7 °, close but not exactly equal to the 9.2 ° predicted for a transstilbene-like structure. The difference was attributed to chain disorder within crystallites or at domain boundaries 149.
Highly oriented PPV shows high electrical conductivity upon vapour-phase doping with AsF5142'143 but iodine doped films show only modest conductivities. The crystal structures of neutral pristine and doped forms have been studied by wide-angle X-ray diffraction ~5°. Poly-(p-phenylene vinylene) was found to undergo a firstorder crystal-crystal phase transition when chemically doped with AsFs, SbS5 or sulfuric acid or when electrochemically oxidized with C104 as the counterion. The doping process does not disrupt the original orientation of the PPV crystallites and the crystalline phases obtained with all the above dopants are similar in character indicating a closely related family of electrically conductive structures all of which possess orthorhombic symmetry. On the basis of this work an electrically conductive phase consisting of layers of polymer chains separated by a layer of the chemical dopant was proposed 15°. The influence of crystal defects and chain disorder on the electrical properties of PPV polymers have also been investigated. Highly drawn films of fully converted PPV exhibit a high degree of crystallinity and near-perfect orientation but, since distinctive paracrystalline diffraction patterns have been observed 137.151,152 , there must be some structural disorder.
The one-dimensional band structures of PPV have been calculated 153-155. DaCosta et al. 156 have extended the work by calculation of the three-dimensional band structure of PPV in order to study the effects of interchain coupling. The major effects are reported to be due to coupling of carbons in the ring to their closest neighbours (hydrogens or rings in adjacent chains). According to this study the existence of polarons in a perfect PPV crystal is not permitted but since these have been experimentally identified their existence is explained in terms of the presence of traces of residual precursor polymer within the matrix.
Arsenic pentafluoride doped PPV is not stable in air. In order to stabilize the p-type doped form of the polymer and decrease its ionization potential and band gap, the phenylene ring may be substituted with electrondonating substituents or replaced by heterocyclic ar0- 
Two-dimensional ladder structures
Two-dimensional, ribbon-type conjugated polymer structures are known to exhibit better thermal stability and higher rigidity than their one-dimensional analogues166,167. Furthermore, materials of this type are expected to exhibit low band gaps. The synthesis of defect free ladder or ribbon polymers is a demanding task which has attracted the attention of many research groups. The main synthetic strategies for the preparation of such materials is the utilization of repetitive cycloaddition reactions and, more recently, a two step approach in which a linear polymer is subjected to polymer-analogous ring-closure reactions with formation of ladder structures 168' 169.
Linear polyacenes (Figure 6 , 11) and polyarylenes (12) can be considered as two-dimensional subunits of graphite. Polyacenes are not stable if more than a few repeating units long. However, polyarylenes can be prepared from oligonaphthalene precursors by an electron-transfer induced electrocyclic process (oxidation or reduction) in which neighbouring naphthyl 170 171 components are fused to perylene units ' .
The synthesis of polyacenes, high molecular weight analogues of biphenylene, has been explored 172. Because the alkynylarenes are readily prepared from the corresponding haloarenes by Pd-catalysed alkynylation and since Si(CH3)3 can function as a masked halogen the method lends itself to the preparation of well-defined oligomers by an iterative procedure 173-176. Another method to prepare polyarenes makes use of a palladium-catalysed Suzuki coupling ~77 followed by a cyclization reaction (Scheme 19). After the crosscoupling reaction the resulting polyphenylene has to be t) (CH3)3Si C--C--H, Pd(C6H5CN)202, CuI planarized. This is performed by a BF 3 catalysed cyclization reaction which results in the double-stranded, fully soluble poly(fluoreneacene)s 178' 179.
Other routes to polyacenes make use of DielsAlder-reaction178, lso-ls2, condensation-type cyclization reactions 183' 184, a 'zipping-up' polymerization of vinyl substituted polymers 185-187, or polymerization of butadiynes as precursors 18s '189 (Scheme 20) . Unfortunately some of these methods give insoluble products from which no reliable structural information can be obtained ~ 78.
A well-known route to polyarylenes is the pyrolysis of perilene-3,4,9,10-tetracarboxylic acid dianhydride 13 in vacuo or under inert atmosphere giving black insoluble polymers which, from detailed structural analysis of films (X-ray, electron diffraction analysis, Raman spectroscopy), appear to be two-dimensional carbonaceous networks 19°-194 (Scheme 21). Under well-controlled conditions mirror like thin films can be formed on appropriate substrates.
Another route is shown in Scheme 22, the first step is the formation of poly(naphthalene) 16 via a palladium (0) catalysed Suzuki-type condensation of naphthalenes J95 containing bromo and boronic acid functionalities . In the next step this polymer is cyclized in a two-step procedure resulting in soluble macromolecules with ladder-type segments up to quaterarylene units 17. Unfortunately it is impossible to get complete cyclization via this approach.
Besides these hydrocarbon ladder polymers there are also a number of heteroatom containing species178, 196, [197] [198] [199] [200] .
HETEROCYCLIC POLYMERS Polythiophenes
The first polythiophene (Figure 7, 18 with sulfuric acid yielded a dark insoluble material 2°1. However, it was not until the early 1980s that any welldefined polymeric material was obtained. After the first reports of a controlled synthesis by Yamamoto 2°2 and Lin 2°3, using the Grignard-type coupling of 2,5-dibromothiophene, a vast number of articles concerning the synthesis and properties of polythiophenes has been published. Extended r-conjugation in polythiophenes is only possible in polymers with perfectly 2,5-1inked repeating units; however, 2,4-and 2,3-couplings as well as hydrogenated thiophene units can also be found in the 204 polymers . These structural defects interrupt the conjugation and, as a result, will impair the development of properties related to conductivity and nonlinear optics.
Polythiophenes, like many other linear polyaromatic compounds, are insoluble in organic solvents due to their rigid backbone. This lack of solubility and processability, as well as problems related to the characterization of polythiophenes, has been overcome by the introduction of flexible side chains at the 3-and/or 4-position. Appropriate solubility in common organic solvents has been achieved with an alkyl side chain of more than four carbon atoms at every repeating unit 2°5. Longer alkyl side chains are required in the case of copolymers with less than one side chain per repeating unit.
With the introduction of substituents at the 3-position of polythiophenes a number of different regioisomers are possible, namely head-to-tail (HT), head-to-head (HH) and random configurations (Scheme 23) 206' 207 . 
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Head-to-head coupling of alkyl groups is sterically unfavourable for coplanarity and hence causes a significant loss of conjugation; however, head-to-tail coupling does not limit conjugation. The significant difference in coplanarity between head-to-head and head-to-tail couplings shows the subtleties in the tradeoff between resonance energy and steric hindrance in substituted polyheterocycles. Studies on regioregular polythiophenes, recently accessible via a number of elegant routes, have shown that the crystallinity increases with regioregularity and that the possibility of side-chain crystallinity is essential for the development of optimal properties. In the case of regiorandom polymers the optimal chain length for properties like conductivity and optical nonlinearities has been determined to be in the range of seven to nine carbon atoms2°8; the conductivity of doped regioregular polythiophenes with an n-dodecyl side chain at the 3-position surpasses that of polymers wth an n-octyl side chain 2°9. Even self-assembly in thin films of regioregular 3-substituted polythiophenes has been observed. In addition to improved solubility and crystallinity, the introduction of side chains in the 3-and/ or 4-position also decreases the probability of a-fl couplings, since at least one of the fl positions is already occupied 21°,211" 3,4-Dialkyl substitution in monomers results in a significant loss of coplanarity 212, while in 3,4-dialkoxy and 3-alkyl-4-alkoxy polythiophenes the presence of an oxygen atom attached to the thiophene unit, is enough to decrease steric hindrance and limit the loss of conjugation 213. An unexpectedly high regioregularity was found in the polymerization of 3-methyl-4-alkoxythiophenes 214.
An interesting and intriguing property of substituted polythiophenes is the temperature dependence of the u.v. absorption; an increase in temperature causes the Arnax to shift to shorter wavelengths. This thermochromism arises from a conformational change in the aromatic backbone as a result of an increased disorder of the alkyl It is now well-accepted that two distinct structures are possible depending on solvent and temperature; a predominantly coplanar structure in an aggregated form in a poor solvent or at low temperatures and a conformationally disordered nonplanar structure in a good solvent or at higher temperatures (Figure 8) 218 .
Much controversy exists about the actual molecular weight of polythiophenes. G.p.c. determinations using polystyrene standards overestimate the molecular weight by a factor of ten compared to the determination relative 219 to oligothiophene standards . A similar phenomenon has been observed in the molecular weight determination of poly(t-butylnaphthalene) although in that case the o 220 deviation is only around 10 Vo . By using multi-angle light scattering (MALLS) the calculated molecular weight values for polythiophenes are two to five times larger than those obtained by g.p.c, relative to polystyrene standards 221 .
For the preparation of polythiophenes three main synthetic strategies have been employed, namely: electrochemical coupling, oxidative coupling and organometallic coupling of 2,5-disubstituted monomers. These three routes will be discussed in the following sections.
Electrochemical synthesis of polythiophenes. Since the first reports by Diaz 222 , the synthesis of polythiophenes by electrochemical oxidation has been widely used. Although the mechanism is not fully understood, it is proposed that the polymerization proceeds via the coupling of two radical cations, formed by the oxidation 223 of the monomer as outlined in Scheme 24 .
Aromatization of the bithiophene intermediate is the driving force for the transformation of the dihydro dimer. The dimer, having a lower oxidation potential than the monomer, is readily oxidized and undergoes further coupling. The polymer is deposited in its oxidized conducting form onto the electrode, allowing the polymerization to proceed. This method has the advantage that during the polymerization homogeneous, stable films are formed. These films can be characterized by optical and electrochemical methods. The electrochemical polymerization has been applied for the synthesis of unsubstituted polythiophene224, 225 and 3-substituted polythiophenes including poly(3-methylthiophene) 226, poly(3-ethylthiophene) zz7 and number of different soluble poly(3-alkylthiophene)s 228'229. However, in all cases reported so far, the polymers obtained possess a regiorandom structure.
The electrochemical polymerization of substituted thiophenes has also been used to synthesize a variety of functional polymers. Oxygen containing substituents on the 3-position of thiophenes have been used, including methoxy 23° and polyether substituents TM, leading to materials with conductivities as high as 1000 S cm -1. A highly transparent conducting polymer has been obtained from the electrochemical polymerization of 232 3,4-ethylenedioxythiophene (Figure 9, 19) .
Similarly polyfluoroalkyl substituted polythiophenes can be synthesized TM, while water-soluble, self-doped polythiophenes have been prepared by the introduction of ionic groups in the side chain [235] [236] [237] [238] . Thiophene oligomers such as bithiophenes 239 and terthiophenes possess lower oxidation potentials than the thiophene monomers (1.05 V, 1.31 V, and 2.07 V (vs. SCE) for terthiophene, bithiophene and thiophene, respectively) 24° and are therefore more suitable for the electrochemical polymerization since this lower oxidation potential decreases the risk of over oxidation. Also 2,5-disilyl substituted thiophenes have been polymerized electrochemically with concomitant elimination of the silyl substituents 241 .
Oxidative coupling to polythiophenes. Conducting polythiophenes are formed in the oxidation of thiophene or 2,2'-bithiophenes with arsenic(V) pentafluoride (AsF 5). Reduction of the insoluble material with ammonia clearly demonstrated that polymerization has occurred 24z. However, due to the poisonous properties of arsenic(V)pentafluoride this method has not been widely adopted. A more convenient method was developed by Yoshino et aL 243 who used iron(III) trichloride (FeCI3) as the oxidizing agent and chloroform as the solvent under anhydrous conditions. Subsequent reduction with ammonia provided the neutral polymer in good yields. This coupling reaction is simple and has now been widely employed for the synthesis of polythiophenes from thiophene with alky1244'245, alkoxy 212 and alkylsulfonic acid 246 substituents and bithiophenes with one 247 and two 248'249 alkyl substituent. These bithiophene monomers can also be polymerized using milder oxidants 25°.
Recently, scientists have been able to regioselectively polymerize 3-(4-octylphenyl)-thiophene using FeC13 TM. By adding the FeCI3 slowly and therefore maintaining a low Fe3+/Fe 2+ ratio, this 'soft' polymerization leads to a polymer with up to 94% head-to-tail couplings (Scheme 25).
The oxidative coupling of thiophenes provides materials with higher molecular weights than the route described above. However, in a recent study 252 a comparison has been made between the polymerization of 3-hexylthiophene and its deuterated analogue indicating that considerable crosslinking occurs through the alkyl side chain. The degree of crosslinking is reduced by performing the reaction at temperatures below -20°C, which also increases the yield of soluble 3-substituted polythiophenes. 
Organometallic mediated syntheses of polythiophenes.
The nickel 253 and palladium 254 catalysed cross-coupling of an aromatic organometallic compound with an aromatic organohalide is a well-known method for the synthesis of oligoheterocycles 255. Organomagnesium derivatives are most widely employed in polythiophene chemistry, despite the availability of a variety of organometallic species 256. The reaction of 2,5-dibromothiophene with magnesium and subsequent polymerization using a nickel catalyst was described in 1980, with a reported yield of 40-60% based on 2,5-dibromothiophene 2°2'2°3. The yields have been improved up to 93% by using 2,5-diiodothiophene, magnesium and Ni(dppp)Cl 2 as catalyst 257.
The synthesis of 3-alkylsubstituted polythiophenes, with molecular weights varying from 2500 to 18 000, has also been accomplished by this method, although the structures obtained are regiorandom 2s8'259. This regiorandomness has been explained in terms of the inhomogeneity of the Grignard iodide mixture, which consists of diiodo-, bis-Grignard-and two monoiodo-mono- 260 261 Grignard compounds ' . Cross-coupling has also been utilized for the synthesis of 3-substituted thiophene precursors262,263.
Highly regioregular head-to-tail 3-alkylpolythio- By this elegant route a variety of highly regioregular (over 98% head-to-tail) polymers has been obtained in yields ranging from 33 to 69%. These polymers exhibit enhanced conductivity and optical properties when compared with the regiorandom materials. The conductivity of poly(3-dodecylthiophene) reaches values 1 upto 1000Sin-whereas for the regiorandom material 1 the conductivity is limited to 20 S cm-. The difference in the position of the maximum absorption (450 vs. 434nm in solution and 480 vs. 526nm in the solid state) are indicative of enhanced coplanarity in these regioregular polythiophenes. As a result, the thermochromism of these regioregular polythiophenes is much more pronounced. X-ray analysis indicates a crystalline and self-assembled structure and a well-defined distance between the polymer chains 267. Cyclic voltammetry exhibits two oxidation potentials vs. one broad oxidation potential for the regiorandom poly(3-alkylthiophene)s 268.
Another approach to modulate the regioregularity is by using zinc instead of magnesium in the nickel269, 27° or palladium 27~ catalysed polymerizations. The use of Ni(dppp)Cl2 affords regioregular samples (Scheme 27) 272 and Japanese workers had similar experience with zerovalent nickel 273' 274. In the latter case the 2,5-dihalothiophene was coupled without being transformed to an organometallic intermediate, and therefore, yields a regiorandom polythiophene.
Due to the improved properties of the regioregular 3-substituted polythiophenes, the polymerization based on the organometallic coupling of thiophene monomers is now by far the most valuable method of synthesis. Recently, a number of polymers with functional groups has been synthesized using the organometallic route, giving rise to polythiophenes with unique sensor properties for ionic impurities 275-277.
Polypyrrole
The first synthesis of polypyrrole (Figure 10 Oxidized polypyrrole is stable under ambient conditions and up to temperatures exceeding 300°C. The neutral form of polypyrrole, on the other hand, has not been isolated and characterized, due to its extreme susceptibility to oxidation (-0.02 V vs. SCE).
The electrochemical route to polypyrrole provides good quality films. The counter ion has a considerable influence on the conductivity and mechanical properties TM. Changing the counter ion from oxalate to perchlorate increases the conductivity by a factor of 102°5'274. Commercially available polypyrrole films with tosylate as counterion exhibit a conductivity of 15 S cm-1 and the stability of the film under ambient conditions is extremely good; a decrease in conductivity of less than 15% per year has been reported 282. Alkylsulfonates and phosphates have also been used as electrolyte 283, while processable polymer blends have been formed using sulfonated polystyrenes as counter ions TM. Oxidation with chemical oxidizing agents (sulfuric 285 286 287 acid , bromine and iodine , copper(II) perchlorate , iron trichloride 288) of a neutral polypyrrole film increases the conductivity compared to that of the electrochemical 289 t oxidized material . 2,2-Bipyrrole has been used as monomer in the chemical oxidative polymerization, but the properties of the product are similar to the polymer prepared directly from pyrrole 29°. Soluble polypyrroles can be prepared by the introduction of flexible side chains 229,291-293. In contrast with the progress made in the synthesis of regioregular 3-substituted polythiophenes, all 3-substituted polypyrroles reported so far are synthesized in a regiorandom fashion. 3-Alkyl pyrroles, the monomers in the electrochemical polymerization, have been synthesized via Friedel-Crafls acylation of N-protected pyrrole, followed by Clemmenson reduction (Scheme 28) 294-296.
Substitution at nitrogen also affords soluble polymers. However, the conductivity is reduced drastically due to the strong steric interactions of this substituent at nitrogen and the hydrogens at the 3-and 4-positions of the adjacent pyrrole ring. Both rings are forced out of plane resulting in a loss of conjugation and a reduced conductivity 297. At first sight the difference between a 3-substituted polypyrrole and a N-substituted polypyrrole is marginal with respect to steric hindrance, but the conductivities differ significantly, again illustrating how subtle structural differences influence the structureproperty relationship. Chemical oxidative polymerization has also been applied to 3-alkyl pyrroles285, 286, and 3,4-dimethoxy pyrrole 29s.
The introduction of sulfonic acid groups in the alkyl side chain afforded water-soluble self-doped polypyrroles 299. When the sodium salt of the 3-alkylsulfonic acid pyrrole is used as monomer it also acts as an electrolyte for the electrochemical synthesis. A second long alkyl chain on the 4-position of the pyrrole ring affords a highly ordered lammellar polymer which is also soluble in chloroform 3°°. Langmuir-Blodgett techniques have been used to improve the ordering of polypyrrole films301,302.
Structural defects like a-/3 couplings are inherent to the oxidative polymerization approach and are always present in the materials synthesized according to the methods described above. This failure to produce perfectly 2,5-1inked polypyrroles has been overcome by using organometallic polymerization techniques. Pyrroles with a tert-butoxycarbonyl (BOC) protecting group at nitrogen have been polymerized via a Stille TM coupling, yielding a soluble non-planar precursor polymer which was deprotected by thermal treatment (Scheme 29) 3°3. This polypyrrole, although of relatively low molecular weight (approximately 16 pyrrole units), exhibits a perfect a, a-structure and is fully characterized.
Recently, the reductive Ullmann TM coupling of 2,5-dibromo-N-BOC-pyrrole has been reported to yield similar polymers to those described above 3°5. Using preparative h.p.l.c, it appeared to be possible to isolate the first 20 members of the N-BOC protected oligopyrroles, which were all characterized. Similarly, a self-doped analogue of polypyrrole has been prepared using Nbutyl-3,4-pyrroledione in the Ullmann polymerization 3°6. 
Polyaniline
Polyaniline (Figure 11, 21) , also known as 'aniline black', was first prepared in 1834 and has been the subject of intensive research ever since 3°7. In the 1980s the conducting properties of polyaniline were recognized and the number of papers dealing with this conducting polymer grew rapidly. The main reasons for this growth, besides the scientific interest, are the low cost of aniline, the relatively easy production process and the stability of the conducting forms.
Synthesis ofpolyaniline. Oxidation of aniline is the most widely employed synthetic route to polyaniline and can be performed either electrochemically or chemically. The reaction is usually carried out in acidic media. The electrochemical method was originally developed by Letheby as a test for the determination of small quantities of aniline 3°8. The method has been improved ever since 3°9-311 and has also been applied to alky1312'313, alkoxy 314 and dimethoxy 315 substituted anilines, the latter exhibiting a conductivity comparable to that of unsubstituted polyaniline. Chemical oxidation is usually carried out in acidic aqueous environments with an oxidizing agent such as ammonium persulfate 316, but has also been performed in chloroform using tetrabutyl ammonium periodate 317. 
It has been stated that in polyaniline crosslinking occurs during the electrochemical synthesis due to the potential applied 318. However, non-oxidatively synthesized polyaniline, exhibiting the same properties, has a fully linear structure 319. Crosslinking in polyaniline can also be accomplished when the emeraldine base is heated up to 300°C32°
Properties ofpolyaniline. Polyaniline can occur in a number of well-defined different oxidation states 32°, each with its own name as originally attributed by Green and Woodhead (Figure •2) 321.
The different states range from the fully reduced leucoemeraldine via protoemeraldine, emeraldine and nigraniline to the fully oxidized pernigraniline. Unlike in most other polyaromatics, the fully oxidized state in polyaniline is not conducting. As a matter of fact none of the above-described states are conducting. Polyaniline becomes conducting when the moderately oxidized states, in particular the emeraldine base, are protonated and charge carriers are generated. It is this process, generally called 'protonic acid doping '3~2, which makes polyaniline so unique; no electrons have to be added to or removed from the insulating material to make it conducting. The different oxidation states of polyaniline can also be generated by doping with oxidants such as iodine, but the resulting conductivity is lower than that obtained via protonic acid doping 314.
The conducting mechanism is believed to involve polaronic carriers; the protonated emeraldine consists of a delocalized poly(semiquinone radical cation) 317' 322' 323. than samples containing some water 316. The emeraldine base is soluble in N-methyl-pyrrolidone TM, but protonated polyaniline is insoluble in organic solvents and only soluble in aqueous acids. Substitution of the aniline monomer with alkyl or alkoxy groups improves the solubility in organic solvents but has a negative influence on the conductivity 3°1'325'326. The position of the substituent also has an influence on the polymerization. The ortho and meta isomers give the same polymer, but the reactivity of the meta isomer is considerably lower, resulting in a lower yield 312. Self-doped polyaniline, containing sulfonic acid substituents, has been synthesized by sulfonation of the emeraldine base 327.
A different approach to the production of soluble polyanilines is the use of n-alkyl sulfonic acids as proton donor. Polyaniline doped with n-4-dodecylphenylsulfonic acid does indeed give soluble and highly conducting materials 328' 329. Stable thin films of polyaniline, that can be processed out of solution, are prepared from the emeraldine base with camphorsulfonic acid as dopant, m-Cresol as cosolvent is essential to obtain a chiral crystalline structure 33°.
Although no data are available concerning the health risks of polyaniline, the possible presence of benzidine moieties, which are well-known carcinogens, suggests careful manipulation of both aniline and its polymers is advisable.
Other polymers
In the field of conducting and 7r-conjugated polymers most attention has been paid to the polymeric systems described above. However, a variety of other polymers containing heterocyclic rings has been synthesized and studied. In the following sections some of the most promising classes, with respect to improved materials properties, will be discussed. of polymers, the number of dedicated papers is limited. In addition to their high conductivity, these systems are expected to be transparent in their conducting form, and when the band gap approaches zero, these materials are predicted to exhibit metallic properties.
In 1984 Wudl et al. TM published the synthesis of poly(isothianaphthene) (PITN) (Figure 13, 22) with a band gap of I eV (for comparison: polythiophene has a band gap of 2 eV). Limited synthetic work has been performed on these kinds of system ever since, but recently the syntheses of a substituted PITN and of poly(2,3-dihexylthieno [3,4-b] pyrazine (23) were published 332.
The small band gap is believed to arise from the relatively large contribution of the quinoid structure in the polymers 333. Calculations predict that a copolymer of thiophene and isonaphthothiophene will exhibit a band gap of 0.5 eV TM.
Polycyclopenta[2,1-b;3,4-b~]dithiophen-4-one (24) has a band gap of 1.2eV due to its reduced aromatic character 335. The introduction of one fused thiadiazole unit in a terthiophene molecule resulted in a polymer with a band gap of 0.9 eV, arising to some extent from the nitrogen-sulfur interactions improving the intrachain charge mobility 336. The synthesis of a polymer with a band gap as low as 0.5 eV based on the idea of bringing together positive and negative charges was published by Havinga et al. 337, using polysquarenes (25) and polycroconanes (26) which were synthesized by using a condensation polymerization. Furthermore, has suggested that the introduction of methine groups between thiophene moieties would provide polymers with band gaps as low as 0.75 eV; however, the validity of this approach has been questioned 342.
None of the small band gap materials reported so far has conductivities surpassing the conventional polymers like doped polythiophene, polypyrrole and polyaniline, an observation which puts the supposed importance of the band gap in perspective 343. The polymers are only soluble in formic acid as is also the case in methyl substituted polypyridine 358. However, the introduction of hexyl groups induces solubility in other organic solvents 359. Recently, the peculiar properties of these polypyridines have been attributed to selfassembly 36°. Poly(pyrimidine-2,5-diyl) 361 has been prepared utilizing the same method. Other examples of heterocyclic homopolymers are polypyridazine 362 and polythiazole 363 .
Copolymers
The synthesis of alternating benzenoid-heteroaryl copolymers enables, in principle, the combination of the properties of different homopolymers into one material, increasing the scope of synthesis and applications. The synthesis of these copolymers has, however, received relatively little attention. This will probably change with the increasing interest in small band gap polymers. The idea of using copolymers to introduce alternating structures of electron-rich and electron-poor moieties has emerged. Three synthetic routes have been developed to make copolymers: requires monomers having similar oxidation potentials, otherwise the material obtained is more likely to have a block rather than the required alternating structure. This places limits on the oxidative approach but it has, nevertheless, been used for a pyrrolethiophene copolymer, prepared by the electrochemical polymerization of pyrrole and a-terthiophene 364, monomers having oxidation potentials of 1.2V and 1.05 V, respectively. The chemical route to alternating polymers is much more general; the reaction of bis-metallated and dihaloaromatic species of which either one can contain the heterocyclic ring, yields a completely alternating copolymer when palladium or nickel catalysts are used. Thus, heterocycles such as thiophene, selenophene and pyridine have been coupled with benzene and biphenyl using magnesium and a nickel catalyst 365'366. Thiophene and furan have been coupled with benzene and substituted benzenes utilizing zinc and palladium catalysts 367' 368 while alkoxy-substituted benzenes and thiophenes have been transformed into an alternating copolymer via the Stille coupling 369. The Suzuki coupling 37° (arylhalide and boronic acid derivative) has been used in the coupling of alkyl-substituted benzenes with N-BOC protected pyrroles 371 (Scheme 31 ).
When zerovalent nickel is used as a catalyst in the copolymerization of thiophene with benzene or pyridine 372, materials with a random structure are formed due to the absence of organometallic monomers in this type of polymerization 373,374. Reaction of dibromothiophenes and p-phenylene diamines under 'Ullmann conditions' yields copolymers of aniline and thiophene 375.
A final example of copolymers prepared by the direct polymerization route are the random head-to-tail poly (3- An alternating copolymer of phenylene and diacetylene or 1,4-diketone moieties offers the possibility of the synthesis of an alternating copolymer consisting of phenylene and thiophene or pyrrole rings. Thus 1,4-diethynylbenzene was oxidatively coupled to give the phenylene diacetylene copolymer, containing approximately 10% of the undesired meta isomer. Upon ring closure with hydrogen sulfide and aniline the phenylene thiophene and the phenylene N-phenyl pyrrole polymers were obtained 383.
The reaction of terephthaldehyde and the bis-Mannich base of 1,4-diacetyl benzene with sodium cyanide as catalyst (Stetter reaction 384) yielded polyphenylene-l,4-butanedione; the alternating phenylene 1,4-diketone polymer. Ring closure with Lawesson's reagent (LR) or ammonia yielded the phenylene thiophene and phenylene pyrrole copolymers in good yield (Scheme 34) 385.
Oligomer polymer&ation. In order to avoid the formation of block copolymers by the oxidative polymerization of different monomers, it is possible to use oligomers containing the desired sequence of units which can then be oxidatively polymerized. In this way a copolymer of thiophene and pyrrole has been prepared by the electrochemical polymerization of 2,2'-thienylpyrrole 386. Similarly, a number of trimers containing thiophene, Two final examples are a polymer prepared by chemically oxidation of 1,4-dipyrrolylbenzene 393, and one containing thiophene and pyridine units which was prepared from the dibromide using zerovalent nickel (Scheme 35) 394 .
OLIGOMERS
During the last few years there has been a growing interest in the synthesis and characteristics of welldefined oligomeric conjugated structures. There are a number of reasons for this interest, including the ability of such oligomers to serve as model compounds for the different polymers with respect to the synthesis, spectroscopic analysis and physical properties as well as their potential applications395, 396. Recently Garnier et al. reported on the first all-organic transistor using the unique properties of a self-assembled layer of a substituted sexithiophene 397. The high electron mobility observed in this oligomer, almost comparable to amorphous silicon, is of critical importance to the construction of this prototype device. Although the class of oligothiophenes has received by far the most attention of all 7r-conjugated oligomers, other classes of oligomers, as oligopyrroles and oligoanilines, will also be discussed in the next sections.
Oligothiophenes
Well-defined oligomers of thiophene have been iso-398 lated from Marigolds and have been synthesized by different routes including the cross-coupling reaction of a dihalocompound with organometallics of magnesium, The conformational analysis of oligothiophenes has been studied in detail. The structures of oligothiophenes containing two 413, three 414 and four415A 16 thiophene rings have been resolved by X-ray analysis; all the compounds exhibit an all-trans conformation and are nearly coplanar. However, u.v. and n.m.r, analysis, together with calculations, have shown that in solution unsubstituted tetrathiophene exhibits a planar cistrans-cis conformation. The introduction of methyl substituents induces an equilibrium between planar cis and twisted trans-conformations and when the substituents are head-to-head the twisted trans-conformation is favoured, resulting in a considerable loss of conjugation406, 417 .
The use of oligomers containing more than six thiophene rings is restricted to substituted compounds due to the insolubility of the unsubstituted oligomers. Most of the oligomers differ from the substituted polythiophenes in their substitution pattern; they do not contain one substituent on every ring as is the case in most soluble polythiophenes.
Upon oxidation some of the shorter oligomers, containing up to six thiophene rings, were found to polymerize 418, so the reported high conductivities of these oligomers are probably due to polymeric material 419. Oligomers containing more than six thiophene rings do not polymerize, while it has been found that oligomers containing 11 or 12 thiophene rings exhibit conductivities of 5-20 S cm -l, being in the same range as that of polythiophene 397 ' 408. Optical measurements show absorption maxima exceeding that of polythiophene394,408, 420, but this is mainly due to a decrease of steric hindrance in the oligomers having less substituents. Extrapolation of these values results in a )~rnax for polythiophene of about 540nm 397'41°, implying that the perfect polythiophene has not yet been synthesized.
A number of oligothiophenes has been employed to investigate the nature of the different oxidation states in polythiophene. Oxidation of oligothiophenes proceeds in two steps. First a radical cation is obtained (the analogue of the polaron state in conjugated polymers), which exhibits a strong e.s.r, signal. Some authors have reported the dimerization of these radical cations to diamagnetic 7r-dimers 421-425. In the second step of the oxidation the radical cation is converted into the dication (the bipolaron analogue). It has been reported that the oligomers must consist of at least six thiophene rings to undergo the second oxidation step 426, but this claim is at variance with other results 427. Langmuir-Blodgett films of oligothiophenes and in particular 2,2',5',2"-terthiophenes derivatives exhibit large dielectric constants and high conductivities with 428 or even without additional dopants . Oligothiophenes also display other characteristics that have been found in polythiophenes, such as thermochromism and hyperpolarizability 429-431 .
Oligopyrroles
In sharp contrast to the oligothiophene series, relatively little work has been performed on the synthesis and characterization of oligopyrroles. This is mainly due to the complexity of these compounds. There are three main routes which result in oligomeric pyrrole systems. The first one consists of the oxidative coupling of c~-lithiated N-methyl substituted oligopyrroles using The Ullmann polymerization of 2,5-dibromo-N-BOCpyrrole has been used to produce a mixture of oligomers up to 25 repeating pyrrole units 3°5 ( Scheme 38) . Subsequent preparative h.p.l.c, separation yielded oligomers up to 20 repeating units which were all characterized by u,v. and n.m.r, spectroscopy. Upon doping ([2) of the deprotected pentamer, a black material with a conductivity of 100 S cm -1 was obtained.
Oligoanilines
Just like on oligopyrroles, little research has been performed on oligoanilines. However, some contributions are worth mentioning. The first members of the oligoaniline series were prepared by Yoffe et al. who, starting from p-aminodiphenylamine, were able to isolate tri- (Figure 15 The last series of oligoanilines worth mentioning were prepared by Strohriegl et al. 447 . Starting from diphenylamine and N,N'-diphenyl-l,4-phenylenediamine, they managed to prepare the N-phenyl substituted and phenyl blocked dimer, trimer and tetramer using n-BuLi, iodobenzene and 1,4-diiodobenzene in combination with CuI as catalyst.
Other oligomers
Unsubstituted phenylene oligomers (Figure 16 , 32) have been prepared and their conducting behaviour has been studied as a function of chain length and structural order after oxidation with potassium 448. From some of these oligomers the crystal structures have also been resolved 449. Substituted phenylene oligomers have been doped and the formation of radical anions and dianions have been studied by optical measurements; this work highlights the influence of substituents on the aromatic backbone 45°.
All-trans /%carotene has been studied as a model polyene 45z. Oligomers containing two to four double bonds have been reduced and the different states were studied with e.s.r. (radical anions) and n.m.r. (dianions) 452.
Substituted phenylene vinylene oligomers (33) have been synthesized by a sequence of Wittig reactions 453 and their radical anions and dianions studied by optical methods 454. Recently, these oligomers have attracted considerable interest due to the electroluminescent properties of the parent polymer.
CONCLUSIONS
In the different sections above, we have presented a review on the wide range of conjugated polymers and oligomers. We have attempted to highlight the considerable advances in chemistry and materials science which have taken place in recent years, but within the framework of a historical perspective. The synthetic routes now available for most of the important polymers are well-established and yield materials with full control over molecular weight, polydispersity and regioselectivity. This high degree of perfection at the molecular level allows material scientists to study the ultimate properties of conjugated polymers using advanced physical characterization techniques and prototype devices. Furthermore, self-assembly of polymers, oriented samples and well-defined oligomers are present to investigate the structure-property relationship in detail. It should be stressed that many of the earlier studies have been performed with materials that, by the standards of today, are ill-defined and the results are not indicative for the ultimate properties of the materials under investigation. There are still some polymeric materials, e.g. polypyrrole, and functionalized PPVs, that need further systematic studies before they can be reliably and reproducibly prepared. Hopefully, we have managed to demonstrate that if the synthetic developments progress at the same
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rate, it will not be long before the vast array of potential practical applications associated with these materials begin to materialize. It is expected that in the next few years we will have full control over most of the important molecular parameters and that chemists are able to study the mesoscopic ordering of the well-defined conjugated polymers; the next hierarchy in the development of advanced materials.
